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Tat signal leader sequenceStudies of native arsenite oxidases from Ralstonia sp. S22 and Rhizobium sp. NT-26 raised two major ques-
tions. The ﬁrst one concerns the mode of the enzyme's membrane-association. It has been suggested that a
hypothetical not conserved protein could account for this variable association. Expression of the wild type ar-
senite oxidase in Escherichia coli allowed us to study the cellular localization of this enzyme in the absence of
such a hypothetical partner. The results with the Ralstonia sp. S22 enzyme suggest that no additional protein
is required for membrane association. The second question addresses the inﬂuence of the disulﬁde bridge in
the small Rieske subunit, conspicuously absent in the Rhizobium sp. NT-26 enzyme, on the properties of the
[2Fe–2S] center. The disulﬁde bridge is considered to be formed only after translocation of the enzyme to the
periplasm. To address this question we thus ﬁrst expressed the enzyme in the absence of its Twin-arginine
translocation signal sequence. The spectral and redox properties of the cytoplasmic enzyme are unchanged
compared to the periplasmic one. We ﬁnally studied a disulﬁde bridge mutant, Cys106Ala, devoid of the
ﬁrst Cys involved in the disulﬁde bridge formation. This mutation, proposed to have a strong effect on
redox and catalytic properties of the Rieske protein in Rieske/cytb complexes, had no signiﬁcant effect on
properties of the Rieske protein from arsenite oxidase. Our present results demonstrate that the effects attrib-
uted to the disulﬁde bridge in the Rieske/cytb complexes are likely to be secondary effects due to conforma-
tional changes.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The aioA and aioB genes (formerly named aro, aso or aox [1]) cod-
ing for the large catalytic molybdopterin and the small Rieske sub-
units of the enzyme arsenite (AsIII) oxidase homologues have been
identiﬁed in species from almost all phyla of the Bacteria and also in
a few Archaea (for a recent inventory see [2,3]). In all characterized
strains, the enzyme, AioAB, encoded by aioBA has been shown to be re-
sponsible for the chemolithoautotrophic (when CO2 is the sole carbon
source required) or heterotrophic (when organic matter is needed for
growth) oxidation of AsIII (for recent reviews see [4,5]). The oxidation
of AsIII is always bioenergetic but not always provides enough energy
for growth. The oxidation of AsIII therefore seems to serve bioenergetic
purposes in addition to its detoxifying role. Phylogenetic analyses of
both AioB and AioA even suggest that this bioenergetic process already
existed in the Archaean prior to the divergence of Bacteria and Archaeae; SDS-PAGE, Dodecyl Sulfate-
liquid chromatography; PCR,
ation
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rights reserved.[2,3,6]. Whereas the presence of aioBA genes was detected in a Sulfolobus
genome and AsIII oxidation was proposed for the Archaeon Sulfolobus
acidocaldarius strain BC [7], only bacterial representatives of the en-
zyme have so far been isolated from parent species [8–12]. A three-
dimensional structure of AioAB has been solved [13]. The structure
of the large AioA subunit, containing a molybdopterin cofactor to-
gether with a [3Fe–4S] cluster, identiﬁes this subunit as a member of
the Complex Iron–Sulfur Molybdoenzyme superfamily of molybdopterin
guanine dinucleotide containing enzymes. A total of four domains make
up the large subunit of Aio (about 825 residues). Domain I binds the
[3Fe–4S] cluster, whereas domains II and III, related to each other
by a pseudo two-fold axis of symmetry, both possess homologous
dinucleotide-binding folds. Structural similarities between the
small AioB subunit (around 170 residues), harboring a [2Fe–2S] clus-
ter, and PetA, the Rieske-subunit of cytochrome bc complex (or Rieske/
cytb complex), show that this protein is a member of the Rieske protein
superfamily. AioB and PetA indeed are so closely related in terms of se-
quence (a common Cys-X-His-Xn-Cys-X2-His sequence motif), structure,
redox and spectral properties that the conspicuous absence of the canon-
ical disulﬁde bridge in several AioB proteins was surprising [14]. This di-
sulﬁde bridge has indeed long been considered to be essential for Rieske
cluster catalytic, redox and spectral properties [15–17]. Native AioABs
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less of the presence or absence of this bridge [14].
AioB furthermore distinguishes itself fromPetA through the apparent
fate of its leader sequence. Despite a similar predicted N-terminal Twin-
arginine translocation (Tat) signal sequence, localization of AioB and
PetA seemed to differ. Aio was either found in the periplasm [10,18] or
associated with the cytoplasmic membrane, depending on the species
[6,8,11,12,19] whereas PetA invariably is membrane-anchored via its
uncleaved Tat signal peptide. Since the Tat signal sequence is predicted –
and observed – to be cleaved in all isolated AioAB enzymes, the existence
of a third protein responsible for membrane association of selected AioAB
has been considered [10,12].
The AioAB enzymes from Ralstonia sp. S22 and Rhizobium sp. NT-26
not only differ in their observed localization but also in the presence of
the disulﬁde bridge in the vicinity of the [2Fe–2S] cluster. The enzyme
from Ralstonia sp. S22 has indeed been shown to be membrane-
associated [12] and to contain the disulﬁde bridge [14] whereas the
Rhizobium sp. NT-26 enzyme has been shown to be entirely soluble in
the periplasm [9] and furthermore devoid of the disulﬁde bridge [14].
Heterologous expression of the AioAB from Ralstonia sp. S22 (this work)
and Rhizobium sp. NT-26 (Warelow and Santini, unpublished results) in
Escherichia coli lent itself as a promising approach to address these ques-
tions due to (a) the possibility to obtain substantial quantities of the wild
type (WT) enzymes as well as mutants targeting the Tat-sequence and
the disulﬁde bridge and (b) the absence of putative further proteins/
enzymes from the parent species interacting with the enzyme. The
presented work constitutes the ﬁrst heterologous expression of WT
AioAB.
2. Material and methods
2.1. Growth of bacteria
Ralstonia sp. S22 was grown aerobically and heterotrophically at
28 °C in the presence of 5 mM AsIII as described previously [12]. E. coli
was grown aerobically and heterotrophically at 37 °C (see below).
2.2. Cloning of Ralstonia sp. S22 AioAB and heterologous expression in E. coli
Based on the genomic sequence of Ralstonia sp. S22, PCR primers
were designed that amplify DNA fragments containing both aioB and
aioA, with orwithout the Tat leader sequence,whichwere subsequently
cloned into pET28a (Novagen) using the NcoI and XhoI restriction sites.
PCR ampliﬁcation was done with Pfu DNA polymerase (Promega) with
as template for the initial PCR genomic DNA extracted from Ralstonia sp.
S22 using the Wizard genomic DNA puriﬁcation kit (Promega). For the
construct ofwild typeAioABofRalstonia sp. S22, AioAB–pET28a, including
the Tat sequence, primers 5′-ACTAGCCATGGCCGACCCACAGATCTTCAC-3′
and 5′-CGCCGATTTGTACTCGGCTAACTCGAGACTAG-3′ were used, incor-
porating restriction sites (underlined) and a stop codon placed upstream
of the XhoI site as to exclude a hexahistidine-tag (His-tag). This is ratio-
nalized by the determination that, based on the AioAB structure of
Alcaligenes faecalis (1G8K), the placement of a His-tag should be ideally
on the C-terminus of AioB. A His-tag was thus introduced there using
PCRwith forward primer 5′-TAAGTCGGGAGGCTCTCATG-3′ and reverse
primer 5′-CGCCAGGCCAACATTCTCCACCACCACCACCACCAC-3′, using as
template the AioAB–pET28a construct. The resulting DNA product was
phosphorylated with T4 DNA kinase (Promega) and then ligated with
T4 DNA ligase (Promega). This AioAB-His-pET28a construct was
used as a template for further PCRs, described below. For an AioAB
construct containing a His-tag but devoid of the Tat sequence (AioAB-
HisΔTat-pET28a), destined for cytoplasmic expression in E. coli, the
ﬁrst 38 residues were excluded corresponding exactly to the mature
protein puriﬁed from Ralstonia sp. S22 [12]. Here, PCR primer 5′-
ACTAGCCATGGCTGCGCCACACACTG-3′was employedwith reverse prim-
er 5′-CGCCGATTTGTACTCGGCTAACTCGAGACTAG-3′. For the mutation ofthe Cysteine (Cys) at position 106 of AioB to an Alanine (Ala), forward
primer 5′‐GCCCCGACAGTGTTCGACAAC-3′ and reverse primer 5′-
CACGATGTGTACCCATATGGGT-3′ produced a PCR product that was sub-
sequently circularized, as described above (AioAB-HisC106A-pET28a).
All constructs were veriﬁed by DNA sequencing (GATC Biotech).
The AioAB–pET28a constructs were transformed into strain C43
(DE3) cyo− (obtained from R. Gennis, Department of Biochemistry,
University of Illinois at Urbana–Champaign).
Expression was done aerobically in ZYM-5052 auto-induction me-
dium [20], including 1 mM Na2MoO4. Cells from a petri dish were
used to inoculate 0.5 L of medium in 1 L ﬂasks and grown at 37 °C
for 16–20 h at 180 rpm orbital shaking.
2.3. Cloning of Rhizobium sp. NT-26 AioAB and heterologous expression in
E. coli
Cloning and expression of Rhizobium sp. NT-26 AioAB are per-
formed as will be published elsewhere.
2.4. Biochemical preparations
Spheroplast and periplasm preparations were done as published
previously [14]. Puriﬁcation of AioAB was done from the total soluble
fraction. E. coli cells were harvested, washed once and resuspended in
puriﬁcation buffer (50 mM NaPO4 pH 8, 500 mM NaCl, 50 mM imid-
azole), and broken by passing twice through a French press cell. Un-
broken cells were removed by centrifugation at 6000 g for 10 min,
and the “membrane-fraction” was retrieved as the pellet from a sub-
sequent ultracentrifugation for 1 h and 30 min at 250,000 g. The su-
pernatant, containing both the cytoplasm and the periplasm, was
used for puriﬁcation at 4 °C, using ﬁrst GraviTrap pre-packed Ni
charged afﬁnity chromatography column (GE Healthcare) connected
to a Fast protein liquid chromatography (FPLC) system. The column
was equilibrated and washed with puriﬁcation buffer and the protein
eluted in two different pools with 100 mM and 200 mM imidazole.
The eluatewas concentrated and loaded onto a Superdex S200 gelﬁltra-
tion column (GE Healthcare) equilibrated with Tricine 50 mM/NaCl
200 mM pH 8 and used for analysis or ﬂash-frozen in liquid nitrogen.
For activity assay controls, the enzyme was puriﬁed as from Ralstonia
sp. S22 described previously [14].
2.5. AioAB activity assays
AioAB activity was measured optically at pH 8 using cytochromes
as electron acceptors as described by Lieutaud et al. [12]. c555 from
Aquifex aeolicus and c550 from horse heart were used with AioAB
from Ralstonia sp. S22 and AioAB from Rhizobium sp. NT-26, respec-
tively. For sulﬁte inhibition studies, AioAB activities were measured
at pH 6 also using cytochromes. Enzyme activity was also followed in
gel. The electrophoresis was in this case done on a 10% polyacrylamide
Laemmli gel system [21] containing 0.1% Triton X-100 and the activity
was revealed as described previously [12].
2.6. Biochemical protein analyses
Protein concentrations were determined by the BCA method
using a BSA standard. The subunit composition was determined
by Sodium Dodecyl Sulfate-PolyAcrylamide Gel Electrophoresis
(SDS-PAGE) following the procedure of Laemmli [21] on a 10%–15%
gradient polyacrylamide gel.
2.7. Spectroscopic experiments
Electron Paramagnetic Resonance (EPR) spectroscopy was per-
formed on recombinant enzymes obtained at various puriﬁcation
steps: after cell breaking, after HisTrap column or at the end of the
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samples (prepared as described above) containing recombinant AioAB.
EPR spectroscopy was ﬁnally performed on soluble fraction from E. coli
containing the pET28a plasmid devoid of the aioBA genes as control.
EPR spectra were recorded both on reduced (ascorbate treated) or oxi-
dized (ferricyanide treated) samples. Redox titrations were performed
at 15 °C as described originally by Dutton [22] and adapted as described
by Duval [14].
3. Results
3.1. Expression of Ralstonia sp. S22 AioAB in E. coli
The aioBA genes of Ralstonia sp. S22, including the nucleotide se-
quence coding for the Tat signal sequence at the N-terminus of AioB,
have been cloned and expressed in E. coli.With the aim to purify the en-
zyme on a HisTrap column, a hexaHis-tag was introduced. Since the Tat
sequencewas shown to be cleaved in the puriﬁed enzyme [12], excluding
an N-terminal position of the His-tag, it was instead introduced at the
C-terminus of AioB. The placement of a His-tag on AioA seemed impru-
dent since the 3D structure of the A. faecalis enzyme indicates likely
sterical clashes in the enzyme heterodimer. As shown by in-gel activity
measurements (Fig. 1), most of the heterologously expressed Ralstonia
sp. S22 enzyme (AioAB-His) ends up in the soluble fraction after breakage
by French press, whereas it predominantly remains in the spheroplast
fraction after lysozyme treatment. Regardless of the breakage method,
two different bands were revealed via in-gel activity staining (see
below)whereas a single bandwas observedwith the native enzyme [12].
To assess a possible role of the His-tag in the appearance of these
two forms of AioAB when expressed in E. coli we expressed aioBA genes
devoid of the tag (AioAB-WT). Again, regardless of the breakage method,
two different bands were present (not shown). In the same vein,
aioBA genes devoid of the sequence stretch coding for the Tat signal
were expressed in E. coli to study the implication of the Tat signal in
this phenomenon. The obtained heterologously expressed enzyme
(AioAB-HisΔTat) migrated as a single band (Fig. 1) similar to the native
one [12].
3.2. Biochemical characterization of Ralstonia sp. S22 AioAB expressed in
E. coli
Only the tagged versions were further puriﬁed. Constructs with or
without Tat sequence yielded equivalent quantities of protein and the
enzyme eluted from the HisTrap column in two distinct fractions at-Tat +Tat
198 kDa
132 kDa
66 kDa
Fig. 1. Localization of AioAB from Ralstonia sp. S22 expressed in Escherichia coli. Localization
of the expressed enzyme was determined from polyacrylamide gel electrophoresis and sub-
sequent in-gel AioAB activity staining of subcellular fractions of E. coli. Spheroplasts (Sph) and
periplasm (Peri) were obtained from lysozyme treatment whereas membrane fragments
(Mb) and total soluble (Sol) fractions were obtained from French Press treatment. Each frac-
tionwas prepared from E. coli cells expressing AioAB either with (+Tat; AioAB-His) or with-
out (−Tat; AioAB-HisΔtat) signal sequence.100 and 200 mM imidazole. The total loaded enzyme was distributed
equally between these two fractions for AioAB-HisΔTat whereas for
AioAB-His, 70% was found in the 100 mM imidazole fraction. Applica-
tion to a gel ﬁltration column of the 100 or 200 mM imidazole frac-
tions for both recombinant enzymes (with or without Tat sequence)
indicated a molecular mass comparable to that of the native enzyme,
i.e. approximately 110 kDa [12]. The two fractions from the AioAB-
HisΔTat construct were puriﬁed to homogeneity whereas only the
200 mM imidazole fraction from the AioAB-His enzyme could be
obtained pure (Fig. 2). The two distinct bands observed in crude extracts
of the AioAB-His construct were also seen in both the 100 mM and
200 mM imidazole fractions. In principle, the difference in molecular
mass might have been due to the loss of the Rieske subunit. Since we
measured activity in gel using the non-physiological acceptor DCPIP
which can accept electrons directly from the catalytic subunit, one of
the two bandsmight have been devoid of Rieske proteinwhile still show-
ing activity with DCPIP. We therefore analyzed the “heavy” and “light”
bands on SDS-PAGE and detected the Rieske protein in both forms
(Fig. 3). The activity staining is done in a 10% native polyacrylamide gel
system containing 0.1% TritonX-100 (see section 2.5) i.e.not a blue native
gel. We then electrophoresed the samples on a blue-native gel. Three
bands, each of them containing AioA and AioB (not shown) were
detected. We thus concluded on several oligomeric states of the enzyme
due to electrophoreticmethods since theywerenot observedongelﬁltra-
tion but all contained AioA and AioB.
Fine examination of the proﬁle of the puriﬁed enzymes on SDS-PAGE
revealed different apparentmolecular masses of the Rieske protein in the
AioAB-HisΔTat construct compared to the AioAB-His sample (Fig. 2). The
AioAB-HisΔTat construct was designed to produce a Rieske subunit be-
ginning with the residues Alanine-Alanine-Proline, two residues
downstream of the N-terminus of the puriﬁed native enzyme
which is Threonine-Proline-Alanine-Alanine-Proline [12]. These res-
idues thus were assumed to represent the N-terminus of the AioB-
HisΔTat subunit. The AioAB-His construct was to allow the normal
maturation of the protein, with eventual cleavage of the Tat sequence
after translocation of the protein to the periplasm. Threonine-Proline-
Alanine-Alanine-Proline thus were assumed to represent the ﬁrst resi-
dues of AioB-His like the native enzyme. We therefore expected the
mass of AioB to be independent of the presence or absence of a Tat signal
sequence. N-terminal sequences of the Rieske subunits in all samples
were determined. Whereas the N-terminus of the AioB-HisΔTat protein
starts with AAPHT as expected, the N-terminus of AioB-His starts with
ATLIP, thirteen residues upstream of the N-terminus observed in the na-
tive protein (Fig. 2). The N-terminus of the AioAB-WT construct devoid
of His-tag showed that the abnormal maturation of the protein was not
due to the His-tag (not shown).AioA
AioB
120
86
47
20
34
26
1 2 3 4 5
AioB -His Tat AAPH…
AioB -His ATLIPIVPVQAQTPAAPH…
Fig. 2. Coomassie blue-stained SDS-PAGE on puriﬁed AioAB from Ralstonia sp. S22 expressed
in Escherichia coli. Lane 1. Molecular mass standards; lane 2, puriﬁed AioAB-HisΔTat enzyme
eluted at 100mM imidazole; lane 3, puriﬁedAioAB-HisΔTat enzyme eluted at 200 mM imid-
azole; lane 4,molecularmass standards; lane 5, puriﬁedAioAB-His enzymeeluted at 200mM
imidazole. The determinedN-terminus of AioB-His (ATLIP), is 13 residues longer than the de-
termined N-terminus of AioB-HisΔTat (AAPH).
1 2 3 4 5 6 7 8
AioA
AioB
Fig. 3. Electrophoretic analysis of puriﬁed AioAB from Ralstonia sp. S22 expressed in
Escherichia coli.Differences in apparentmolecularmasses of the expressed enzymeswere vi-
sualized with polyacrylamide gel electrophoresis and subsequent in-gel AioAB activity
staining of subcellular fractions of E. coli. Lane 1, BSA; lane 2, puriﬁed AioAB-HisΔTat enzyme
eluted at 100mM imidazole; lane 3, puriﬁedAioAB-HisΔTat enzyme eluted at 200mM imid-
azole; lane 4, puriﬁedAioAB-His enzyme eluted at 100mMimidazole; lane 5, puriﬁedAioAB-
His enzymeeluted at 200mMimidazole. “Heavyband” from lane4 and “light band”were an-
alyzed in a silver-stained SDS-PAGE in lanes 7 and 8, respectively; lane 6, same molecular
mass standards as in Fig. 2.
Fig. 4. Spectral properties of the [3Fe–4S] cluster from the AioAB of Ralstonia sp. S22.
Native enzyme puriﬁed from Ralstonia sp. S22 (a) and recombinant enzyme puriﬁed
from E. coli (b and c) show similar g values at 2.03, 2.008 and 1.99. The enzyme heter-
ologously expressed either in periplasm (b) or in cytoplasm (c) shows similar spectra.
Instrument settings: microwave frequency, 9.4 GHz; modulation amplitude 0.1 mT,
temperature 12 K; microwave power, 100 mW.
Fig. 5. Spectral properties of the [2Fe–2S] cluster from the periplasmic AioAB from
Ralstonia sp. S22. Native enzyme puriﬁed from Ralstonia sp. S22 (a) and AioAB-His het-
erologously expressed enzyme puriﬁed from E. coli (b) show similar g values at 2.027,
1.88 and 1.78. The heterologously expressed enzyme presents, however, a composite
gy value at g=1.9 and 1.88 at the beginning of the puriﬁcation (c) whereas the enzyme
fraction bound to the cytoplasmic membrane exhibits a single gy peak at 1.88 (d). Con-
trols on the soluble fractions of an expression culture of strain C43 cyo− containing
only empty pET28a plasmid (e) and of the strain Ralstonia sp. S22 (f) demonstrate
that the signals arises from the expressed enzyme. Instrument settings: microwave fre-
quency, 9.4 GHz; modulation amplitude 1.6 mT, temperature 15 K; microwave power,
6.3 mT.
1704 R. van Lis et al. / Biochimica et Biophysica Acta 1817 (2012) 1701–1708Kinetic studies were performed only with the 200 mM imidazole
forms of AioAB-HisΔTat and AioAB-His (Table 1 SI). All kinetic param-
eters obtained on the heterologously expressed enzymes (with and
without Tat) are close to those of the native enzyme, demonstrating
that both recombinant enzymes are fully active.
3.3. EPR characterization of Ralstonia sp. S22 WT- and ΔTat-AioAB
Although the EPR properties of the [3Fe–4S] cluster in the native
enzyme have not been studied in detail, we have compared the EPR
signals of both native (Fig. 4, spectrum a) and recombinant (Fig. 4,
spectra b and c) Ralstonia sp. S22 enzymes in order to check the integ-
rity of the latter. As can be seen, this cluster seems to be correctly
inserted into the heterologously expressed enzymes, even into that
devoid of the Tat signal sequence.
We then compared the properties of the [2Fe–2S] Rieske cluster
from the recombinant Ralstonia sp. S22 AioAB to the native one, which
is well characterized [14]. EPR spectra were recorded on samples
collected directly after cell breakage in a French press and subsequently
reduced with ascorbate (Fig. 5, spectrum c). The soluble crude fraction
of E. coli expressing AioAB-His showed a gy-signal at g=1.9 in addition
to the standard gy=1.88 of the native enzyme. By contrast, the spec-
trum recorded on cytoplasmicmembranes (Fig. 5, spectrumd) featured
a single signal at g=1.88. Since E. coli does not contain any Rieske/cytb
complex, both the 1.9 and 1.88 signals must arise from the AioB-Rieske
center. At the end of the puriﬁcation procedure, the signal became
homogeneous at g=1.88 (Fig. 5, spectrum b). We veriﬁed that
unknown clusters from E. coli itself were not responsible for the
g=1.9 signal (Fig. 5, spectrum e). We consequently concluded that
the g=1.9 signal came from AioAB. The chromatographic step was
not responsible for the elimination of an eventual abnormal form of
AioAB giving rise to the g=1.9 signal since a simple oxidation of the
sample before reduction already at the beginning of the puriﬁcation
also restored the homogeneous g=1.88 signal (see below). To further
analyze the properties of the AioAB-His enzyme, we performed a
redox titration of the cluster at pH 8, since the enzyme is more stable
at this pH value (see [14]). A redox potential of Em, pH8=+210
±10mV was obtained (Table 1), well in line with the +215±10mV
value previously measured for the native enzyme [14]. This demon-
strates that the [2Fe–2S] cluster is correctly inserted into the AioAB-
His expressed in E. coli. We also recorded EPR spectra on native AioAB
from Ralstonia sp. S22 at the beginning of its puriﬁcation (Fig. 5, spec-
trum f) and observed also the g=1.9 in addition to the g=1.88 signal.
Whereas the cytosolic insertion of the cofactors is one of the hall-
marks of Tat translocation [23], full functionality of the Rieske clusterfromRieske/cytb complexes is commonly thought to depend on the for-
mation of the disulﬁde bridge. This formation cannot be achieved in the
cytoplasm due to its low redox potential. Since the canonical Cysteine
residues forming the disulﬁde bridge are conserved in AioB from
Ralstonia sp. S22, we wondered whether translocation to the periplasm
was a prerequisite for obtaining a properly folded AioAB-Rieske protein.
We therefore studied the EPR properties of the puriﬁed AioAB-ΗisΔTat
enzyme.
As already mentioned, spectrum c in Fig. 4 shows a perfectly normal
EPR signature of the [3Fe–4S] center. This result is not surprising since
the [3Fe–4S] cluster is thought to be fully matured in the cytoplasm.
The spectrum recorded on reduced crude extract of AioAB-HisΔTat, how-
ever, again features the signal at g=1.9 and even in basically homoge-
neous form (Fig. 6, spectrum a). As in the AioAB-His enzyme, simple
chemical oxidation before reduction restored the g=1.88 signal (Fig. 6,
spectrum b). Correspondingly, the puriﬁcation procedure (involving aer-
obic steps) also yielded an absolutely normal AioB center with respect to
signal position and redox properties (g=1.88; Em, pH8=+210±10mV,
Table 1).
Table 1
Properties of theRieske center in thedifferent constructions studiedbyEPR spectroscopy. Comparison of the spectral (lines 1 and2) and redox (line3) properties of the [2Fe–2S] cluster inAioAB
puriﬁed from Ralstonia sp. S22 (column 1) or from Rhizobium sp. NT-26 (column 5) to those of AioAB expressed in the E. coli periplasm (columns 3 and 4) or cytoplasm (columns 2 and 6).
S22 Aio NT-26
Native Recombinant C106 mutant Native Recombinant
cytoplasm
Cytoplasm Periplasm Periplasm
gy value crude 1.88 1.9 1.9+1.88 1.9+1.88 1.88 1.88
gy value puriﬁed 1.88 1.88 1.88 1.88 1.88 1.88
Em pH 8 215±10 210±10 210±10 205±10 225±10 205±15
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the cytoplasm of E. coli
Since the preceding results suggest chemical oxidation of the pro-
tein to be sufﬁcient for obtaining a well-structured Rieske cluster, it
was tempting to attribute this redox phenomenon to oxidative for-
mation of the disulﬁde bridge as a crucial step in maturation of the
AioB protein. The amino acid sequence of the AioAB-sister enzyme in
the Alphaproteobacterium Rhizobium sp. NT-26 is devoid of the S–S
bridge-forming cysteines and this disulﬁde bond is thus absent in the
Rhizobium sp. NT-26 enzyme. The Rhizobium sp. NT-26 AioB therefore
lends itself to further test whether the spectral shift is due to oxidative
formation of the S\S bond. We spectroscopically characterized the
[2Fe–2S] center of the AioB subunit of the enzyme from Rhizobium sp.
NT-26 expressed in the cytoplasm of E. coli (AioAB-HisΔTat). The
EPR properties (g=1.88; Em, pH8=+205±10mV; Table 1) of the
[2Fe–2S] cluster show this center to be correctly integrated in this
enzyme. Even the soluble crude fraction showed a single signal at
g=1.88 (Fig. 7, spectrum b), similar to the puriﬁed native enzyme
(Fig. 7, spectrum a). The fact that the enzyme of Rhizobium sp. NT-26,
even expressed in the cytoplasm, shows the g=1.88 signal only, was
in line with the hypothesis of the reduced disulﬁde bridge in Ralstonia
sp. S22 AioB as the origin of the observed g=1.9 signal.
3.5. Characterization of a C106A mutant of Ralstonia sp. S22 AioB
To deﬁnitively conﬁrm this hypothesis, a Ralstonia sp. S22 AioB
mutant lacking the disulﬁde bridge, has been constructed. A C106A
mutant of the Ralstonia sp. S22 AioAB containing a Tat signal was
obtained (AioAB-HisC106A), in which one of the Cysteines implicated
in the disulﬁde bridge is exchanged with an Alanine. Activity mea-
surements showed that equivalent quantities of the enzymeFig. 6. Spectral properties of the [2Fe–2S] cluster frommutant AioAB of Ralstonia sp. S22. Re-
duced Aio-HisΔTat enzyme heterologously expressed in the cytoplasm of E. coli shows a gy
value at 1.9 whatever the considered puriﬁcation step (a). Simple oxidation before reduction
restores the gy value at 1.88 (b). The enzyme heterologously expressed in the periplasm but
mutated on the ﬁrst Cysteine residue involved in the disulﬁde bridge (AioAB-HisC106A
mutant) also shows a composite gy value at g=1.9 and 1.88 (c) when still reduced at
the beginning of the puriﬁcation but shows a gy value at 1.88 when being oxidized before
being reduced or towards the end of the puriﬁcation (d). Instrument settings as in Fig. 5.(compared to AioAB-His) were produced but that the enzyme seemed
less stable (Table 1 SI). Unexpectedly, however, the EPR signal of the
crude extract still showed the composite signal at 1.9 and 1.88 just as
that of the WT does. The mutant enzyme again features an EPR gy signal
at 1.88 (Fig. 6 spectrum d) after puriﬁcation and its Em, pH8 of +205±
10mV is perfectly comparable to that of the WT (Table 1).
4. Discussion
As outlined in the Introduction, two questions arise from the com-
parison of AioABs puriﬁed from Rhizobium sp. NT-26 and Ralstonia sp.
S22 [12,14]: i) the mode of membrane association and ii) the role of
the disulﬁde bridge on the properties of the [2Fe–2S] cluster. Because
both studies were done on enzymes isolated from their parent strains,
the observed differences in membrane attachment might have been
due to species-speciﬁc partner proteins in the membrane as proposed
by Lieutaud et al. [12]. It was therefore logical to tackle this problem
through heterologous expression of both enzymes in a common
host, E. coli. This strategy furthermore provided the tools to study
both the expression/maturation question and the consequences of the
disconcerting absence of the disulﬁde bond in Rhizobium sp. NT-26
through high-level expression and mutagenesis.
4.1. On the membrane-association of AioAB
The presence of 100% of the Ralstonia sp. S22 AioAB-His enzyme in
E. coli spheroplasts (Fig. 1) as well as retention of part of it (see Fig. 5
spectrum d; estimated at 10–15% by activity measurement) on E. coli
cytoplasmic membranes, demonstrate that the ﬁrst 40 residues at the
N-terminus from Ralstonia sp. S22 AioB are sufﬁcient for attaching the
Ralstonia sp. S22 enzyme to the cytoplasmic membrane as proposed
by Lebrun et al. [6]. The observation of a single gy=1.88 signal for
the enzyme associated to the cytoplasmic membrane suggests its
Iron–Sulfur clusters to have been physiologically oxidized before their
chemical reduction by ascorbate (Fig. 5 spectrum d). This indicatesFig. 7. [2Fe–2S] cluster spectra recorded of native and recombinant enzymes of
Rhizobium sp. NT-26. Spectrum (a) is recorded on native enzyme puriﬁed from Rhizobium
sp. NT-26 whereas spectrum (b) is recorded on cytoplasmic heterologously expressed
enzyme in crude extract. Spectra were taken on ascorbate reduced samples. Instrument
settings as in Fig. 5.
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quence responsible for translocating AioAB across the cytoplasmic
membrane towards the periplasm where the Iron–Sulfur clusters are
oxidized. Taken together these results show that the 40 N-terminal res-
idues not only serve to translocate AioAB across the cytoplasmic mem-
brane but also to attach it to this membrane. Until now, the Rieske
protein from Rieske/cytb complexes was the only Tat substrate in
which the export signal had been unambiguously shown not to be
cleaved ([24] and references herein). A different model was previously
proposed based on the observation that the AioAB enzyme in Rhizobium
sp. NT-26 doesn't seem to be associated with the membrane. Assuming
a commonbiogenesis pathway for all AioAB enzymes, thismodel [10,12]
envisaged that a third protein, present only in selected species, serves as
membrane anchor while the exported enzyme had its Tat-leader se-
quence cleaved in the periplasm, similarly to the majority of known Tat
substrates. The fact that the cellular localization of the Ralstonia sp. S22
WT enzyme is similar when expressed in its parent species and in E. coli
(i.e. in the absence of this putative third protein) strongly suggests this
model to be wrong.
4.2. On the maturation of the AioB
The localization for the AioAB enzyme in Ralstonia sp. S22
suggested by our results would imply that AioAB's maturation path-
way is somewhat variable between species, i.e. involving or not in-
volving cleavage of the Tat leader sequence.
For the case of the Rieske/cytb complexes, elimination of the Tat
signal sequence from the Rieske protein resulted in strongly reduced
levels of the [2Fe–2S] cluster content as compared to WT [24],
suggesting a link between the Tat translocation pathway and the clus-
ter insertion/maturation processes. This clearly is not the case for the
AioAB Rieske protein. EPR quantiﬁcation and activity measurements
show that the AioAB-HisΔTat and the AioAB-His enzymes are equiva-
lent with respect to cluster content and activity, at least in the case of
the Ralstonia sp. S22 enzyme. This observation suggests a complete
independence of the two maturation processes in the biogenetic
pathway of AioB.
4.3. On the role of the disulﬁde bridge
Full functionality of the Rieske protein is furthermore thought to
depend on the formation of the disulﬁde bridge via oxidation of the
two sulfhydryls in the higher redox potential environment of the
periplasm. Spectral and redox properties of PetA in the Rieske/cytb
complexes have been found altered in the absence of the S\S bond.
This disulﬁde bridge has been implicated in the high Em value of the
Rieske cluster since it would shield the cluster from the aqueous en-
vironment [16,17]. The natural occurrence of AioB proteins lacking
the cysteine residues involved in the sulfur bridge, exempliﬁed by
the Rhizobium sp. NT-26 AioB, already instilled doubts concerningFig. 8. Structure of the [3Fe–4S]- and [2Fe–2S]-clusters binding pockets. (A) Sequence align
AioA sequences, the Ser98 residue (boxed) is only present in sequences from Betaproteobac
ented showing the Ser98 residue implicated in a H-bond with the His ligand of the [2Fe–2San essential role of the disulﬁde bond formation in AioAB. Our site-
directed mutant C106A, eliminating the possibility for disulﬁde
bond formation in AioB from Ralstonia sp. S22, unambiguously dem-
onstrates that the S\S bond in AioB is not essential for function and
has at best marginal effects on the redox potential of the cluster.
The fact that all Rieske subunits in Rieske/cytb complexes as well as
the majority of AioBs contain the disulﬁde bond (except the Archaea
and the Alphaproteobacteria), qualiﬁes this as likely being in the an-
cestor of Rieske/cytb complexes and AioABs [14]. The role of these
highly conserved residues is still an open question.
4.4. On the origin of the oxidation-induced EPR spectral conversion of AioB
The consistently observed conversion from a gy=1.90 to a
gy=1.88 signal upon oxidation of the Rieske center from Ralstonia
sp. S22's AioAB is strongly reminiscent of analogous phenomena
reported for the Rieske/cytb complexes (see for example [25]) and
correlated to the reduction state of the disulﬁde bound in these sys-
tems. Again, our C106A mutant unambiguously shows that this link
does not hold for AioB of Ralstonia sp. S22. This leaves us with the
problem of ﬁnding a redox transition in the enzyme which might in-
duce the described spectral conversion. Apart from the disulﬁde
bond, only two obvious compounds can change redox state in the
physiological range of potentials, that is, the molybdopterin entity
and the [3Fe–4S] cluster. Inspection of the crystal structure of the
A. faecalis enzyme [13] renders the molybdopterin cofactor an unlikely
candidate since it is too far away. The A. faecalis structure, however, fea-
tures an intriguing hydrogen bond link between the Rieske and the
[3Fe–4S] cluster mediated by two adjacent Serine residues (Ser98–99;
Fig. 8B). The side-chain oxygen of the ﬁrst of these Serines (Ser98) in
fact is in hydrogen bond distance to one of the Histidine ligands of the
Rieske center. The pK of the proton on the Histidine residue mediating
this bond is dependent on the redox state of the cluster and, vice
versa, the binding strength of this proton strongly inﬂuences its redox
potential (as evidenced by the pH-dependence of this Em-value [14]).
The second Serine (Ser99), in turn, is positioned close to the vacant
edge of the cubane [3Fe–4S]-cluster and again, the OH-group can be
expected to interact closely with the three acid-labile sulfurs through
hydrogen bond interactions. The same argument for a redox interplay
between strength of the hydrogen bond and redox state developed
above for the Rieske cluster also applies to the [3Fe–4S] cluster. This
network thus links the two subunits AioA and AioB and seems suscep-
tible to redox transitions. Our present working hypothesis therefore
consists of an AioAB heterodimer exported via the Tat system in a
state where both the [3Fe–4S]- and [2Fe–2S]-centers are reduced and
where the oligomeric association of AioA and AioB does not yet corre-
spond to its fully mature form. In this scenario, the enzyme would
need both centers to become oxidized in order to achieve its ﬁnal confor-
mation. The possible validity of this model is suggested by the combina-
tion of the absence of this spectral conversion in Rhizobium sp. NT-26ment of the AioA subunit showing that whereas the Ser99 is conserved among all the
teria. (B) The structure of crystallized arsenite oxidase from Alcaligenes faecalis is pres-
]-cluster and the Ser99 implicated in H-bonds with the [3Fe–4S]-cluster.
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faecalis AioAB structure (and conserved in the Ralstonia sp. S22 enzyme)
by a Glycine in this species (Fig. 8A). Site-directed mutagenesis studies
and the study of further AioBs naturally presenting or missing this Serine
have been initiated to test this hypothesis.
It is tempting to try and relate the proposed interaction between the
[3Fe–4S] center and the Rieske cluster to physiologically meaningful al-
terations of individual redox potentials of the two centers. The reduc-
tion of the [3Fe–4S] center will increase negative charge density on
the acid labile sulfur atoms and therefore may be expected to increase
hydrogen bonding strength between the sulfurs and the Serine side
chain, effectively drawing the Serine residue towards the [3Fe–4S] clus-
ter. Neglectingmore extended conformational changes, this movement
of the Serine (Ser99) close to the [3Fe–4S] center will entail an in-
creased distance of the neighboring Serine (Ser98) with respect to the
Rieske cluster's Histidine ligand. The ensuing weakening of the hydro-
gen bound from the side chain oxygen of Ser98 to the Nε-proton on
theHistidine-ligandwill result in a stronger abstraction of electron den-
sity by this proton from the Histidine and the cluster. The Em of the
[2Fe–2S] cluster should thus increase rendering forward electron trans-
fer from the [3Fe–4S] center more favorable.
Satisfying as this scenario may appear, we prefer to be careful. Many
structural unknowns are involved in the above described scenario.
Furthermore, already electron transfer forward from the Mo-center
already is poorly understood. Electrochemical studies [26,27] were
unable to observe well-deﬁned individual waves for the MoVI/MoV
and MoV/MoIV transitions. Despite efforts to this end, no stable
MoV-state was found in this AioAB. This strongly suggests that the two
redox transitions are very close or crossed-over resulting in an apparent
concomitant 2-electron transition. Connecting such a 2-electron com-
pound to single forward transfer is mechanistically tricky. One possibil-
ity would be a low degree of crossing-over of the two individual redox
transitions of Mo leaving room for low but sufﬁcient amounts of MoV
(for details, see [28]) which then would mediate reduction of the
[3Fe–4S] center and eventually drain electrons from all Mo-centers in
a given sample. If, however, Mo's two redox transitions were strongly
crossed-over, electron transfer would obligatorily involve electron
bifurcation to two distinct acceptors. In this context, it is noteworthy
that in chemical Mo-pterin models, the second electron is strongly
delocalized from the Mo-atom towards a dithiolene-ligand [29]. In the
structure of AioAB, one of the pterins is at 14 Å with respect to the
Rieske cluster and the distance between the Mo-atom and the
[3Fe–4S] cluster is 12.5 Å. Since these two distances are almost similar,
the electron transfer route within the enzyme may be substantially
non-linear and rather involve bifurcation from the Mo-pterin entity. The
discriminating parameter between these two electron transfer scenarios
lies in the exact values of the two redox-transitions of the Mo-pterin co-
factorwhich are not known at present. In the absence of this kind of infor-
mation we prefer abstaining from extensive interpretations of the
proposed interaction pathway with respect to electron transfer driving
force.5. Conclusion
The presented results allowed us to progress in our understanding of
AioAB's biogenesis pathway. Several fundamental questions remain
open among which the structural determinants of its strong speciﬁcity
towards certain cytochromes (see [12]), or of the highly cooperative
two-electron transition of the molybdenum center [26,27]. Addressing
these questions needs high amounts of material and the possibility of
directedmutagenesis in both the Rhizobium sp. NT-26 and the Ralstonia
sp. S22 systems. The heterologous expression systems that have been
developed now, render such experiments feasible.
Supplementary materials related to this article can be found on-
line at http://dx.doi.org/10.1016/j.bbabio.2012.06.001.Acknowledgements
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